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Abstract
A wide range of geometric order parameters have been suggested to characterize
the local structure of liquid water and its tetrahedral arrangement, but their respective
merits have remained elusive. Here, we consider a series of popular order parameters
and analyze molecular dynamics simulations of water respectively in the bulk and in
the hydration shell of a hydrophobic solute, at 298 K and 260 K. We show that these
parameters are weakly correlated and probe different distortions, e.g. the angular
vs. radial disorders. We first combine these complementary descriptions to analyze
the structural rearrangements leading to the density maximum in liquid water. Our
results reveal no sign of a heterogeneous mixture and show that the density maximum
arises from the depletion in interstitial water molecules upon cooling. In the hydration
shell of the hydrophobic moiety of propanol, the order parameters suggest that the
water local structure is similar to that in the bulk, with only a very weak depletion
in ordered configurations, thus confirming the absence of any iceberg-type structure.
Finally, we show that the main structural fluctuations that affect water reorientation
dynamics in the bulk are angular distortions, which we explain by the jump hydrogen-
bond exchange mechanism.
Introduction
Characterizing the local structure of liquid water is often ambiguous. A convenient and much
employed description focuses on the distortion with respect to the structure of crystalline
ice, where water molecules are regularly positioned on a well-defined lattice and where the
nearest neighbors form a regular tetrahedron due to the hydrogen-bond interactions. In liquid
water this long-range order disappears and only a partial short-range order remains.1–4 The
first solvation shell of each water molecule forms an approximate tetrahedron, distorted by
the frequent exchanges between the first and second shells and by the increased probability
to find water molecules in an interstitial position between these two shells.5 How much
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the local structure of liquid water deviates from an ideal tetrahedron is influenced by a
number of factors. For example, decreasing the temperature enhances the local order and the
liquid structure becomes more tetrahedral, even though it remains far from the ideal ice-like
arrangement.1,2,4,6 Solutes may enhance or reduce the local tetrahedral order of neighboring
water molecules, and classifications of solutes in structure-makers and -breakers have been
suggested but remain unambiguous.7 In particular, the influence of hydrophobic groups on
the local water structure is still debated due to its potential importance in the measured
entropy decrease upon hydration of hydrophobic groups.8–16
A large number of different geometric order parameters have been suggested to char-
acterize the local structure in liquid water, and extensively employed to analyze numerical
simulations (see e.g. Refs.15,17–20). However, it is not clear that all of these parameters are
equivalent and can be used equally.
Here, we consider a selection of five widely used order parameters, respectively the angular
(q) and radial (Sk) tetrahedral order parameters, the local structure index (LSI), the local
density (ρ) and the asphericity of the Voronoi cell (η). We further include in our study the
water–water angular distribution function and the local electric field experienced by a water
hydrogen atom. The latter is approximately measured in Raman experiments10 probing the
local water structure. We use molecular dynamics simulations to assess the similarities and
differences between these measures of the local order, and establish what type of structural
changes they are sensitive to. We then successively study the structural changes induced by
decreasing the temperature from ambient conditions down to 260 K and their connection
with the density maximum in liquid water, analyze the structural perturbation induced by a
(partly) hydrophobic propanol solute and we finally determine the key structural fluctuations
affecting the water hydrogen-bond and reorientation dynamics.
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Methodology
Molecular Dynamics Simulations
Classical molecular dynamics simulations of dilute n-propanol in water are performed at
two different temperatures, 298 K and 260 K. We use the TIP4P/2005 water model,21
which provides one of the best available classical descriptions of the water phase diagram22
and dynamics,6,23 and which was shown to properly reproduce structural and dynamical
properties of hydrophobic hydration shells.16 n-Propanol is described with the CHARMM
general force field (CGenFF).24 The simulation box contains a single propanol together
with 550 water molecules, corresponding to a molality of approximately 0.1 mol kg−1. The
density of the box is set at the experimental density of neat water at each temperature, i.e.
respectively 0.99704 and 0.99710 kg/L at 298 K and 260 K.25 The system is first equilibrated
in the NVT ensemble for 1 ns at 298 K and 2 ns at 260 K with a timestep of 2 fs, before a
production run in the NVT ensemble using a Langevin thermostat with a damping frequency
of 0.2 ps−1. The length of the production runs is 8 ns with a timestep of 1 fs, and coordinates
are saved every 25 fs. The simulations are performed with NAMD,26 with periodic boundary
conditions and a Particle Mesh Ewald treatment of long-range electrostatic interactions.27
A 11 Å cutoff is applied to non-bonded interactions with a switching function between 9 and
11 Å. Bonds between hydrogen and heavy atoms are constrained using the SHAKE28 and
SETTLE29 algorithms.
Local order parameters
We selected a wide range of order parameters among the most frequently used ones to
characterize the local structure of liquid water. For each of these parameters, we compute
the probability distribution of the parameter in the bulk, and in the hydrophobic part of the
hydration shell of the n-propanol solute. A water molecule is considered to be respectively
bulk-like if its oxygen atom lies further than 8 Å from any atom of the solute and within
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the hydrophobic part of the hydration shell if its oxygen atom lies less than 4.5 Å away
from any carbon atom of the solute and more than 3 Å from the propanol oxygen atom
(Recent calculations showed that the local structure in the second hydration shell is already
bulk-like13). We now describe the seven selected order parameters.
Orientational tetrahedral order q. This is probably the most widely used tetrahedral
order parameter (see e.g. Refs13,30–37). It was originally proposed by Chau and Hardwick,17
and subsequently rescaled by Errington and Debenedetti18 so that the average value of q
varies from 0 for an ideal gas to 1 for a regular tetrahedron. It focuses on the four nearest
water oxygen neighbors and is defined as
q = 1− 3
8
3∑
j=1
4∑
k=j+1
(
cosψjk +
1
3
)2
, (1)
where ψjk is the angle formed by the lines joining the oxygen atom of the water molecule
under consideration and its nearest neighbor oxygen atoms j and k. We note that by
construction this parameter is only sensitive to the angular order, and not to the radial
order. q has been used for example to study the structure of supercooled water30,35,38,39
and to examine the changes in the local water structure next to a variety of solutes and
surfaces.13,33,36,40–45
Translational tetrahedral order Sk. It was introduced in Ref.
17 and measures the vari-
ance of the radial distances between a central water oxygen atom and the four nearest
neighbor water oxygen atoms. Following the suggestion of Ref.,17 we adopt the following
definition of Sk,
Sk = 1−
1
3
4∑
k=1
(rk − r)2
4r2
, (2)
where rk is the radial distance from the central oxygen atom to the k
th peripheral oxygen
atom and r is the arithmetic mean of the four radial distances. Sk increases when the local
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tetrahedral order increases and reaches a maximum value of 1 for a perfect tetrahedron.
While this translational tetrahedral order is much less used than the orientational order q, it
was shown to be more sensitive than q to density fluctuations46 and it is frequently combined
with other order parameters.47,48 We note that another translational order parameter has
been introduced in Ref.18 but the latter requires the calculation of average structures and
cannot be used to characterize an instantaneous structure.
Local Structure Index LSI. The LSI aims at measuring the extent of the gap between
the first and the second hydration shells surrounding a water molecule.19 Once the oxygen-
oxygen distances between the central water molecule and its ith water neighbor are ordered
so that r1 < r2 < · · · < ri < ri+1 < · · · < rn < 3.7 Å < rn+1, the LSI is defined as19
LSI =
1
n
n∑
i=1
(
∆(i)−∆
)2
, (3)
where ∆(i) = ri+1 − ri and ∆ is the arithmetic mean of ∆(i). The LSI thus focuses on the
translational order and probes the local structure beyond the first hydration shell. It has
been especially used to study the structure of supercooled water,49–51 of protein hydration
shells,52,53 and of water next to hydrophobic interfaces.43
Local density ρ. Two different approaches can be followed to calculate the local density in
liquid water: either one determines the average number of water molecules in a fixed probe
volume, or one determines the volume occupied by a single water molecule in the liquid.
The fixed volume approach has for example been successfully used in Ref.,54 but it requires
a probe volume that is sufficiently large to contain several water molecules. The density
cannot thus be resolved at the molecular level, which is an important limitation for example
for the study of solute hydration shells. Here we calculate the density as the inverse of the
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intrinsic volume occupied by a single water molecule,
ρ =
1
V
. (4)
The volume V is calculated using the Voronoi cell associated with the water molecule, i.e. it
is the volume of the polyhedron including all points in space which are closer to the oxygen
atom under consideration than to any other heavy atom in the system. With this approach,
the density is determined with a spatial resolution finer than the intermolecular distance.
Voronoi polyhedra have been extensively used to characterize the structure of liquids,55–57
of liquid and supercooled water,6,20,50,58 of aqueous mixtures16,59 and of protein hydration
shells.60,61
Asphericity of the Voronoi cell η. The shape of the Voronoi polyhedron is conveniently
characterized by the asphericity parameter, defined as20
η =
A3
36πV 2
, (5)
where V and A are respectively the volume and area of the polyhedron. η values range
from 1 for a perfect sphere to 2.25 for ice Ih and 3.31 for a regular tetrahedron.
20,62 The
asphericity specifically reports on the shape of the polyhedron and is independent of the size
of the polyhedron, i.e. of the local density. It has been widely employed to characterize the
local structure of liquid31,63 and especially supercooled6,38,58 and supercritical46 water, to-
gether with the hydration structure of small hydrophobic solutes.16,64 (The same parameter,
designated as the isoperimetric quotient, has also been used in a different context to predict
the type of complex structures formed by building blocks with different shapes.65)
Local electric field E and OH vibrational frequency ωOH. Experimentally, the lo-
cal structure of liquid water has been indirectly probed via infrared and Raman spectro-
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scopies.10,34,66 The vibrational frequency of the water OH stretch mode reflects the strength
of the hydrogen-bond (H-bond) in which it is engaged. Stronger H-bonds lead to a OH
frequency redshift while weaker bonds lead to a blueshift. With respect to the spectrum
of ambient liquid water, that of ice is thus narrower and redshifted,67 and that of water at
liquid/air,68 water/organic solvent69 interfaces exhibits blueshifted peaks due to dangling
OH bonds. For an isotopically substituted water molecule HOD where the two stretching
modes are decoupled, the OH (resp. OD) vibrational frequency was shown to be approx-
imately proportional to the local electric field experienced by the water hydrogen (resp.
deuterium) atom,70–72 projected along the OH (resp. OD) bond direction. We therefore
probe the local structure through this local electric field E. Since frequency maps relating E
to the vibrational frequency have been determined for the SPC/E water model but not for
the TIP4P/2005 model, we follow the approach successfully used in Ref.73 We calculate the
electric field in each configuration by transforming each TIP4P/2005 water molecule into a
SPC/E molecule, keeping the oxygen atom fixed and moving the two hydrogen atoms while
conserving the molecular plane and the dipole moment orientation (As shown in the Sup-
plementary Information,74 this transformation does not affect our conclusions regarding the
difference between the bulk and shell electric field distributions). While other order param-
eters are defined for an entire water molecule, the local field is determined for an individual
hydrogen atom. We therefore consider each water hydrogen atom and correlate E with the
order parameters of its parent molecule.
Water-water angular distribution function P (θ). The θ angle is defined as the small-
est O · · ·O−H angle formed by two neighboring water molecules. While θ is often called the
hydrogen-bond angle, the pair of water molecules under consideration may not necessarily
be hydrogen-bonded. The probability distribution of θ angles has been used to character-
ize the local structure of water e.g. in the bulk,14,15 next to hydrophobic interfaces12,14,15
and in protein hydration shells,75 and similar ideas have been applied to the water–anion
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hydrogen-bond strength.76 Because what is usually analyzed is not the instantaneous θ value
but the shape of the P (θ) distribution, we only include θ in our studies of the structural
changes induced by a decrease in temperature and by a hydrophobic group. As detailed
in the Supplementary Information (Fig. S6),74 several limitations of this parameter should
be kept in mind when analyzing the results. The distribution usually exhibits two peaks,
respectively at low and high θ values. The peak at low θ values reports on the linearity,
and therefore on the strength of the hydrogen-bonds, but does not probe the tetrahedral
order of the entire shell. Regarding the peak at higher θ values, it does not correspond to
a distorted hydrogen-bond but rather to second shell water molecules which do not form a
hydrogen-bond with the central water molecule but are normally hydrogen-bonded to their
nearest neighbors. Finally, the shape of this distribution and in particular the relative heights
of these two peaks are extremely sensitive to the chosen cutoff distance between the water
oxygen atoms. Values of e.g. 3.5 Å15 and 4.0 Å75 have been used in the literature and we
adopt here a 4.0 Å cutoff.
Pearson correlation
The correlation between a pair of order parameters x and y is measured by the Pearson
correlation coefficient, defined as
r =
〈(x− 〈x〉) (y − 〈y〉)〉√
〈(x− 〈x〉)2〉〈(y − 〈y〉)2〉
, (6)
where 〈...〉 designates the ensemble average. r = ±1 if x and y are respectively perfectly
correlated and anticorrelated, and r = 0 if x and y are independent variables.
Analysis of water reorientation dynamics
From the probability distributions of each order parameter in the bulk, we determine the
ranges of parameter values corresponding to the 25% least ordered water molecules (first
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quartile of the distribution) and to the 25% most ordered water molecules (fourth quartile of
the distribution). We then follow the reorientation dynamics of water OH bonds depending
on the initial value of the order parameter. The reorientation of each water OH bond vector u
is followed through the second-order Legendre polynomial time-correlation function (TCF),77
C2(t) = 〈P2[u(0) · u(t)]〉, (7)
and the characteristic reorientation time τreor is obtained by numerical integration of the
TCF,
τreor =
∫ ∞
0
C2(t)dt . (8)
Correlations between order parameters
We first aim at determining whether these order parameters with very different definitions
actually probe the same structural features. We therefore focus on liquid water at ambient
temperature and compute the normalized correlations between the respective fluctuations
for each pair of order parameters. The resulting Pearson coefficients r listed in Table 1 range
between -0.21 and 0.52 and thus reveal that the correlation between the order parameters is
at best limited. These various order parameters thus report on different aspects of the local
structure that we now elucidate.
Table 1: Pearson correlation coefficient r (Eq. 6) between order parameters for water
molecules in bulk liquid water at 298 K.
Asphericity η Density ρ q Sk LSI Electric field E
Asphericity η 1 -0.01 0.52 0.24 0.46 0.40
Density ρ -0.01 1 0.12 0.38 -0.21 0.27
q 0.52 0.12 1 0.26 0.20 0.30
Sk 0.24 0.38 0.26 1 0.09 0.17
LSI 0.46 -0.21 0.20 0.09 1 0.23
Electric field E 0.40 0.27 0.30 0.17 0.23 1
We start with the popular tetrahedral order parameter q whose definition focuses on
10
the angular ordering of the first hydration shell. The two-dimensional probability density
distributions in Figs. 1a-b show that a low q value systematically implies low η and LSI
values. The angular distortion reported by a low q value therefore always leads to a local
disorder to which the η and LSI parameters are also sensitive. However, a high q value can
be found for structures with a broad range of η and LSI values. This dispersion arises from
the definition of q, which exclusively reports on the angular order of the first four neighbors,
while η and LSI are also sensitive to the radial order and probe both the first shell and the
inner side of the second shell (up to 3.7 Å for the LSI). Therefore, high-q structures include
not only fully ordered, tetrahedral configurations but also structures where the hydration
shell is angularly ordered but radially disordered (i.e. the first shell neighbors lie in the
directions they would have in a regular tetrahedron but not at the right distance) or where
the second shell is not as separated from the first shell as it is in fully ordered structures (see
the detailed analysis of these configurations in the Supplementary Information (Table S1)74).
This shows that all structures reported to be disordered according to q are indeed disordered
but that all ordered structures according to q are not necessarily tetrahedral because q only
considers the angular distortions.
We now turn to the LSI which is a radial factor probing the separation between first and
second shells. Figures 1b-c show that a high LSI value always implies an ordered structure
for η and q, but that a low LSI value can be found for structures with a broad range of η
and q values. As expected, configurations where the first shell is disordered and where there
is no clear separation between first and second shells do lead to a low LSI value. However,
configurations where the first shell is ordered but with a high density and where many second
shell neighbors lie within the arbitrary 3.7 Å cut-off used in the LSI definition Eq. 3 also lead
to a misleadingly low LSI value (the anticorrelation between LSI and ρ is shown in Table 1
and spurious effects on the LSI due to fluctuations in the coordination number are further
analyzed in the Supplementary Information (Table S2)74). High-LSI structures are therefore
always ordered and the LSI is a sensitive probe of interstitial water molecules. However,
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Figure 1: Two-dimensional probability density distributions of water local structures in the
bulk at 298 K for selected pairs of order parameters (additional correlation plots are provided
in the supplementary information (Fig. S1)74).
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some structures where the four closest neighbors are ordered in a regular tetrahedron do not
lead to a high LSI value when the second shell is not clearly separated from the first shell.
Regarding the Voronoi asphericity η, Figures 1a,c,d show that low η values systematically
indicate structures which are also reported to be disordered by the LSI (but not by q for those
which are radially distorted), and that high η values always identify structures which are also
ordered according to q (but not by the LSI for those which have a high density). η therefore
seems to be less ambiguous than q and the LSI in bulk water, because it simultaneously
probes both the angular and radial orders, together with the presence of nearby interstitial
water molecules that distort the shape of the Voronoi cell. η values can thus report with a
greater confidence on locally ordered and disordered structures.
The translational order parameter Sk is a radial equivalent of q and our study shows that
it is rather poorly correlated with the other order parameters (Table 1). The two-dimensional
correlation diagrams are provided in the supplementary information (Fig. S1)74 and show
that Sk does not seem to offer a useful complementary measure of the local structure in
water.
The local density ρ is found to be poorly correlated with the other order parameters (see
Table 1) and the two-dimensional probability density distribution in Fig. 1d shows that the
density fluctuations are almost completely independent of the η fluctuations. While in ice
the local structure is both tetrahedral and of low density, in liquid water one can frequently
find compact ordered structures and disordered expanded first shells. The local density is
thus not an adequate probe of the local tetrahedral arrangement in liquid water.
The local electric field E that is probed in Raman spectroscopy experiments is found to
be best correlated with the asphericity η (Table 1 and Fig. 1e-f), that we showed to be a good
probe of the local tetrahedral order. However, the electric field measures the hydrogen-bond
strength for a given water OH bond, i.e. only for a single apex of the tetrahedron and the
ordering of the rest of the first shell is not directly probed. This explains why low E values
indicative of a weak hydrogen-bond always correspond to a low-η disordered structure, while
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high E values are found for a broader range of medium to high η values, since one strong
hydrogen-bond does not necessarily imply that the entire first shell is ordered.
Structural changes around the temperature of maxi-
mum density
Now that we have established which specific molecular features are probed by the different
order parameters, we combine these complementary probes to determine which structural
rearrangements lead to the well-known density maximum in liquid water just above the
melting point. We therefore compare the structures of liquid water at two temperatures
on each side of the density maximum, respectively 298 K and 260 K, where the densities
are similar (we note that the TIP4P/2005 water model correctly reproduces the maximum
density temperature, even if its melting temperature is below 260 K21). Table 2 shows that
upon cooling the average values of all considered parameters describe an increase in the
local order (q, LSI, η, Sk) and in the hydrogen-bond strength (E). These changes are all
consistent with the well-established shift towards a more ice-like structure and corroborate
prior studies performed with these order parameters (see e.g. Refs.49,51 for LSI, Refs.6,20 for
η, Refs.30,39 for q and Ref.47 for Sk). However, the simultaneous comparison of the different
parameters further reveals that the different distortions probed by these order parameters
are not affected by cooling in the same proportions. Within the first shell, the angular order
probed by q increases noticeably while the radial order measured by Sk is almost unchanged,
and the largest structural change when the temperature decreases is the reduced probability
to find water molecules in an interstitial position between the first and second shells, as
reported by the LSI.
We extend our analysis beyond the average structural shifts and consider the full prob-
ability distributions of some selected order parameters in liquid water at 298 K and 260 K
(Fig. 2). First, we find that while the average local densities are similar at these two tem-
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Table 2: Mean values of the order parameters for bulk water molecules at 298 K and 260 K,
together with their relative change between 298 K and 260 K (the half-width of the Student
95% confidence interval calculated on 3 blocks is given in parentheses).
bulk at 298 K bulk at 260 K relative change (%)
Asphericity η 1.6624 (0.0014) 1.7048 (0.0009) +2.55 (0.14)
Density ρ (Å−3) 0.03372 (0.00001) 0.033639 (0.00004) -0.26 (0.02)
q 0.6686 (0.0023) 0.7297 (0.088) +9.14 (1.35)
Sk 0.99900 (0.00001) 0.999171 (0.000003) +0.020 (0.001)
LSI (Å2) 0.0382 (0.0004) 0.0509 (0.0003) +33.5 (12.6)
E (V Å−1) 1.8290 (0.0014) 1.9648 (0.0032) +7.43 (0.86)
peratures, their distributions are different (Fig. 2d). When the temperature decreases, the
amplitude of the density fluctuations is reduced, the distribution is narrower and reveals a
depletion both in very low and very high density structures. Regarding the η, q and LSI dis-
tributions (Fig. 2a-c), they all show a depletion in disordered structures and an enrichment
in tetrahedral structures upon cooling. Similarly, the distribution of θ angles between pairs
of water molecules displays an enhanced peak at small angles at 260 K, consistent with the
greater hydrogen-bond strength also revealed by the electric field distribution (Fig. 2e-f).
None of the distributions shown in Fig. 2 for a series of complementary structural order
parameters display any sign of a heterogeneous mixture.78 These results therefore provide
further support to a description of liquid water as a homogeneous liquid exhibiting fast
structural fluctuations,37,54,79 and the density maximum observed in liquid water is thus not
due to a mixture of two structures with different densities. Our study highlights the key
role played by water molecules in interstitial positions between two hydration shells in the
existence of this density maximum, in agreement with prior suggestion.47 The reduced prob-
ability to find water molecules in such interstitial arrangements between the first and second
shells upon cooling is manifest in the dramatic increase in the LSI value with decreasing
temperature. Therefore, when the temperature is decreased below room temperature, liquid
water exhibits not only the typical contraction of the nearest neighbor distance80 observed
in all liquids and which leads to a density increase, but also a depletion in interstitial water
molecules, which leads to a density decrease. These two competing effects then give rise to
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Figure 2: Probability distributions in bulk water at 298 K (red) and at 260 K (blue) to-
gether with their difference (green) for the following series of order parameters: a) LSI, b)
tetrahedral order q, c) asphericity η, d) density ρ, e) electric field E, and f) θ angle between
pairs of water molecules.
the density maximum observed at 4◦C (The presence of these interstitial structures explains
the angular distortions recently discussed in the context of the density maximum79,80). The
decrease in density at low temperature is therefore not due to an expansion of the first shell
but to the reduced occurrence of interstitial geometries.
16
Structural perturbations induced by a hydrophobic so-
lute
We now use the series of order parameters to characterize the influence of a hydrophobic
solute on the local structure of water molecules in its vicinity. We focus on the hydration
shell of the n-propanol methyl groups in a dilute aqueous solution, and we do not consider
water molecules lying next to the hydroxyl endgroup. (While n-propanol is amphiphilic and
not entirely hydrophobic, our choice is motivated by recent Raman studies10 of its hydration
shell structure and by prior NMR81 and simulation82 results which have shown that for
similar solutes the hydrophobic hydration shell properties vary little with the hydrophilic
moiety). A long-standing and much debated question is whether the hydration shell of
hydrophobic groups is more or less structured than the bulk (see e.g. Refs.8–15). Our study
shows that while all the order parameters under consideration paint a consistent picture for
the structural change induced by a decreasing temperature (see previous section), they yield
contradictory answers regarding the influence of a small hydrophobic solute. As detailed in
Table 3, some parameters (respectively ρ and LSI) report a moderate to strong enhancement
of the local order in the shell relative to the bulk, while several others (e.g. η, Sk, E) find
very little difference and another one (q) measures a decrease in the local order.
Table 3: Mean values of order parameters for water molecules respectively in the bulk and in
the hydrophobic part of the n-propanol hydration shell at 298 K, together with their relative
change from bulk to shell (the half-width of the Student 95% confidence interval calculated
on 3 blocks is given in parentheses). The same comparison at 260 K is provided in the
supplementary information (Table S4).74
bulk shell relative change (%)
Asphericity η 1.6624 (0.0014) 1.6639 (0.0021) +0.09 (0.07)
Density ρ (Å−3) 0.03372 (0.00001) 0.03300 (0.00001) -2.2 (0.2)
q 0.6686 (0.0023) 0.6489 (0.0023) -2.94 (0.46)
Sk 0.99900 (0.00001) 0.99872 (0.00001) -0.003 (0.001)
LSI (Å2) 0.0382 (0.0004) 0.0537 (0.001) +40.8 (1.0)
E (V Å−1) 1.8290 (0.0014) 1.8185 (0.0050) -0.6 (0.1)
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These contrasted results can be further analyzed by comparing the changes in the prob-
ability distributions of these different order parameters between the bulk and shell environ-
ments. Figure 3 shows that while the LSI and p(θ) water–water angle distributions exhibit a
clear enrichment in more ordered structures in the shell relative to the bulk, the q distribu-
tion points to a depletion in ordered structures, and the asphericity suggests a depletion both
in very ordered and very disordered structures. For each order parameter, similar results
had been found in prior works on other hydrophobic solutes (see e.g. Ref.12 for θ, Ref.13 for
q and Ref.16 for η), but because each of these studies focused on a single order parameter,
the dramatic dependence of the conclusions on the chosen order parameter had so far not
been fully recognized.
These contradictory results could arise either from a structural perturbation that affects
differently the types of local orders probed by these parameters (e.g. orientational vs. radial
order), or from the different ways to treat the solute in the order parameter definitions.
We first consider the possible artifacts that can be induced by the solute. Next to a small
hydrophobic solute, a water molecule retains an intact first hydration shell containing ap-
proximately four water neighbors. However, its second hydration shell is incomplete since
it partly overlaps with the hydrophobic solute. Therefore, local order parameters focusing
exclusively on the four nearest neighbors should not suffer from artifacts and can be directly
used to compare the bulk and shell structures. In contrast, all the order parameters which
partially probe the second shell may suffer from different degrees of distortion. We now
examine each order parameter.
Since q and Sk focus on the four nearest water neighbors, they can be directly used in the
shell of a small hydrophobic solute. However, we note that they may suffer from artifacts
when used for water molecules next to other types of interfaces, especially when some of
the four nearest water neighbors lie beyond the first solvation shell. These situations can be
found e.g. next to an extended hydrophobic interface and next to solutes with hydrogen-
bond donor and acceptor sites. It was recently shown that for both a small amphiphilic
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Figure 3: Probability distributions at 298 K of the following series of order parameters
together with their difference (green) for water molecules respectively in the bulk (blue) and
in the shell of hydrophobic methyl groups (red): a) LSI, b) tetrahedral order q, c) asphericity
η, d) θ angle between a water molecule within the shell and any other water molecule.
solute45 and a protein interface83 the definition of q should be extended to consider the four
nearest hydrogen-bond donor and acceptor groups, whether they are water molecules or not.
Regarding the LSI Eq. 3, it probes the arrangement of all water molecules within 3.7 Å.
The depletion in the number of second-shell neighbors caused by the solute yields a drop
in the coordination number within 3.7 Å from 6.0 in the bulk to 5.3 in the shell, and
consequently leads to a dramatic but artifical increase in the LSI value (Table 3).
We now turn to the asphericity η. A small fraction of the Voronoi polyhedron can be
in contact with second shell neighbors, which could induce artifacts next to a solute. For
water molecules within the shell of propanol, the fraction of surface in contact with the
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solute is found to be small (below 10%), but it varies with η. The comparison between η
distributions in the shell and in the bulk may thus suffer from a spurious distortion. The
surface in contact with the solute increases in low-η disordered structures, where the second
shell is less separated from the first shell (see Supplementary Information (Fig. S5)74). But
because the solute interface is rigid, the asphericity cannot decrease as much as in the bulk,
leading to possible artifacts. In our simulations, while both q and η report a depletion
in ordered structures in the shell relative to the bulk, η suggests an additional depletion
in very disordered structures that is not seen by q. The difference between the shell and
bulk two-dimensional probability distributions along q and η presented in Fig. 4 reveals the
origin of this discrepancy. From our analysis of the bulk two-dimensional correlations (see
Supplementary Information74), the depletion observed for moderate q and low η structures
correspond to situations where the first shell is ordered but where the low η value is caused
by the proximity of the second shell. In the propanol hydration shell, these situations are
less likely because of the rigid solute interface and this depletion is thus probably for the
most part an artifact.
Regarding the local density, although some ambiguities exist due to the difference in the
van der Waals radii of the solute sites and of the water oxygen atoms,53 the density decrease
in the shell relative to the bulk is consistent with neutron scattering studies (see e.g. Ref.84)
and can be explained by the large solute–water distance in absence of any hydrogen-bond
interaction.
Concerning the local electric field E, while it includes long-range contributions and may
be affected by the replacement of some second-shell polar water molecules by an apolar
hydrophobic group, it is dominated by the nearest hydrogen-bond acceptor and by the first
hydration shell. Its contamination by the hydrophobic solute should thus be limited.85
A final comparison is required between our present data suggesting that the shell is
very slightly less ordered than the bulk, and the results of a pioneering simulation86 of a
hydrophobic solute in aqueous solution, which had shown that the pair interaction energy
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Figure 4: Difference between the two-dimensional probability distributions of water local
structures in the hydrophobic shell and in the bulk at 298 K for the q and η order parameters,
together with the projected one-dimensional distribution differences which repeat what is
already shown in Fig. 3. The color code shows an excess in the shell in red, and a depletion
in blue.
with the nearest water neighbor is stronger when the pair lies in the shell than when it is
in the bulk. While our simulations have been performed with a different force field, they do
confirm this latter observation (Fig.5a). However, when all pairs with the first shell neighbors
are considered (and not only the nearest neighbor pair), the shell and bulk distributions of
pair interaction energies become almost identical (Fig.5b). These results are thus consistent
with what we found for the E field which is another probe of the interaction energy and whose
distribution is very similar in the shell and in the bulk (see Supplementary Information74).
(We note that while pair interactions between two water molecules in the shell are especially
strong probably due to the geometric constraints imposed on the shell water molecules, the
average interaction energy of a shell water molecule with its four nearest neighbors includes
a dominant contribution from its neighbors lying beyond the solute first shell, with which
the interaction is similar to that between two bulk molecules).
The combination of these diverse order parameters thus suggests that once potential
artifacts are excluded, the structural perturbation induced by a small hydrophobic solute
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Figure 5: a) Distribution of the pair interaction energy with the nearest water neighbor of
a molecule lying in the bulk (black solid line) and in the hydration shell, respectively with
its nearest neighbor in the bulk (red dashes) or in the hydration shell (dot-dashed blue). b)
Distribution of pair interaction energies between a water molecule lying respectively in the
bulk (solid black) or in the hydration shell (red dashes) with each one of its 4 nearest water
neighbors.
on its first hydration shell is very weak. This therefore shows that there is no iceberg-
like structure in all or part of the hydration shell, in agreement with neutron scattering
experiments11 but in contrast with a recent simulation study.13 Only a small depletion in
ordered structures is observed in our simulations. This result differs from the conclusions of
a recent Raman study10 suggesting that the hydration shell of alcohols is depleted in weakly
hydrogen-bonded water molecules at room temperature. However, as already mentioned in
the discussion of Fig. 1, the connection between the local electric field essentially measured
in the Raman spectra and the local structure can be ambiguous, and further work will thus
be necessary to connect these subtle structural perturbations with the measured Raman
spectra.
Structural fluctuations affecting the water reorientation
dynamics
We now determine to what extent the local structural fluctuations that we have described
affect the dynamical properties of water. Our goal is to identify which local structural
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fluctuations have an effect on the reorientation dynamics of water molecules. We therefore
calculate the reorientation time-correlation function Eq. 7 of OH bonds belonging to water
molecules whose local order parameter initially lies respectively in the first, second and third,
and fourth quartiles of the order parameter distribution. This provides a comparison of the
reorientation dynamics for water molecules which are initially in very ordered and disordered
environments with the average dynamics.
We showed in prior works that in the bulk and in a wide range of environments including
hydrophobic hydration shells, water reorientation proceeds mostly via large-amplitude angu-
lar jumps due to an exchange of hydrogen-bond acceptors.77,87–89 We further demonstrated
that these jumps are retarded in ordered local environments because of the greater free energy
costs induced by the rearrangements required by the breaking of the initial hydrogen-bond
and by the arrival of a new hydrogen-bond partner from the second shell.6,16
The reorientation times reported in Table 4 confirm that water reorientation slows down
when the local order increases. This is verified for all order parameters except the local
density ρ for which both an increase and a decrease with respect to the average density lead
to a slight acceleration, due to its competing effects on the jump free energy barrier.90
Table 4: Integrated OH reorientation times τreor (Eq. 8) in ps of bulk water molecules at
298 K whose initial order parameter value respectively lies in the first (Q1), second and third
(Q2-Q3) and fourth (Q4) quartiles of the order parameter distribution.
Q1 Q2-Q3 Q4
Asphericity η 1.67 2.20 2.67
Density ρ (Å−3) 2.16 2.22 2.11
q 1.71 2.22 2.61
Sk 1.95 2.21 2.36
LSI (Å2) 1.86 2.17 2.56
Field E (V Å−1) 1.69 2.26 2.51
Among the order parameters under consideration, the most sensitive probes of the struc-
tural fluctuations affecting the reorientation dynamics are the asphericity η and the angular
tetrahedral order q, for which the spread in reorientation times is the greatest (see Table 4
and Fig. 6). This is explained by the excellent ability of these order parameters to probe the
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distortions induced by the presence of an interstitial water molecule. This latter molecule
can be a potential new hydrogen-bond partner and thus facilitates jump hydrogen-bond ex-
changes which lead to a molecular reorientation.77,87 We recently formalized this connection
through a quantitative model relating the asphericity fluctuations and the water reorien-
tation time, and applied it to explain the reorientation dynamics of water over a broad
temperature range including the liquid and supercooled regimes, in the bulk and in the hy-
dration shell of hydrophobic groups and of proteins.6,16,83 However, we insist that while the
correlation between η and the reorientation time is significant, it remains limited because
η is also sensitive to structural rearrangements which do not affect the jump dynamics, for
example due to the first shell neighbors not involved in the jump.
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Figure 6: Water OH bond reorientation time correlation functions Eq. 7 for bulk water
molecules at 298 K whose initial order parameter value lies in the first (Q1, solid lines),
second and third (Q2-Q3, dots) and fourth (Q4, dashes) quartiles of the order parameter
distribution. Water molecules are respectively selected based on their initial asphericity η
(black) and q (red) values in panel a, and on their initial density in panel b. Panels c and d
show the same time correlation functions with a semi-log scale.
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As shown in Table 4, the susceptibility of water reorientation dynamics vis-a-vis the
local electric field E is also fairly large. Since E probes the strength of the hydrogen-bond
donated by the OH group, E has been shown to monitor the breaking of the initial hydrogen-
bond.91 However, since E does not probe the presence of a new hydrogen-bond acceptor
which is required for a hydrogen-bond exchange leading to a large-amplitude reorientation,91
the correlation with the reorientation time remains very approximate. The approach of a
potential new partner in an interstitial position is probed by the LSI. However, the latter is
very little sensitive to the stretching of the initial bond and in addition the new interstitial
neighbor could be anywhere around the water molecule and may not be available for a jump
of the OH bond under consideration. Both factors explain the weak effect of the LSI on the
reorientation time.
In addition, it is interesting to note the contrast between the large sensitivity of the
reorientation dynamics on the first shell orientational order probed by q and η compared to
the small effect caused by the radial disorder measured by Sk. This difference is probably
caused by the high frequency of the hydrogen-bond stretching motions which can cause fast
fluctuations of the radial order but whose effect is quickly averaged before the jump occurs,
while the angular disorder can indirectly report on the presence of a fifth water molecule in
the first hydration shell to which hydrogen-bond jumps can occur.
We finally repeated our study for water molecules initially in the hydration shell of hy-
drophobic groups,74 in order to investigate recent suggestions13,92 about a potential structural
origin of the slowdown in water reorientation dynamics next to hydrophobic solutes. Our
results exhibit the same trends as in the bulk and confirm that the most sensitive probes of
the structural fluctuations relevant for the reorientation dynamics are η and q, which shows
that the potential solute-induced artifacts on these parameters are very limited. But the
major result is that for similar local structures in the bulk and in the shell, the reorienta-
tion dynamics is slower next to the hydrophobic solute. This shows that in agreement with
our recent analysis,16 the main cause of the slowdown is not the (very limited) structural
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perturbation induced by the interface (e.g. a slight change in the local density as suggested
in ref.92). In contrast, the origin of the slowdown is essentially an entropic, excluded vol-
ume factor caused by the solute which hinders the approach of potential new hydrogen-bond
partners, while local structure effects are very limited at room temperature (but can become
dominant at very low temperature16).
Concluding remarks
Our study of a broad range of local order parameters for liquid water demonstrates that dif-
ferent parameters probe different aspects of the local structure. For example, the widely used
tetrahedral order q is most sensitive to the angular disorder, while the separation between
first and second shells is sensitively probed by the LSI, and the asphericity of the Voronoi cell
is sensitive to both. Using a unique order parameter can thus be ambiguous. We therefore
employed a series of complementary order parameters to study the structural rearrange-
ments occurring in liquid water around the temperature of maximum density. Our results
show no sign indicative of a heterogeneous mixture, and our combination of several order
parameters confirm prior suggestions47 and establish that when the temperature decreases
the density maximum arises from the competing effects of a contraction of the first-shell
oxygen-oxygen distances and of a depletion in interstitial water molecules located between
the first and second shells. When applied to the structure of water in the hydration layer
of a hydrophobic group, the order parameters have to be corrected for potential artifacts
in their definitions, and show that the hydration shell of a small hydrophobic solute has a
local structure which is very similar to that found in the bulk, with only a weak depletion
in ordered configurations. We have finally characterized the key structural fluctuations that
affect the reorientation dynamics of water. The presence of a potential new hydrogen-bond
partner which is key for the jump reorientation dynamics induces angular distortions that are
best probed by the asphericity η and by the tetrahedral order parameter q. However, struc-
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tural fluctuations have a limited effect on water reorientation dynamics, and the slowdown
induced by a hydrophobic interface remains essentially due to an excluded-volume effect at
room temperature.
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(23) Calero, C.; Mart́ı, J.; Guàrdia, E. 1H Nuclear Spin Relaxation of Liquid Water from
Molecular Dynamics Simulations. J. Phys. Chem. B 2015,119, 1966–1973
(24) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Dar-
ian, E.; Guvench, O.; Lopes, P.; Vorobyov, I. et al. CHARMM General Force Field: A
Force Field for Drug-like Molecules Compatible with the CHARMM All-Atom Additive
Biological Force Fields. J. Comput. Chem. 2010, 31, 671–690.
(25) Kell, G. S. Density, Thermal Expansivity, and Compressibility of Liquid Water from 0◦
to 150◦C. Correlations and Tables for Atmospheric Pressure and Saturation Reviewed
and Expressed on 1968 Temperature Scale. J. Chem. Eng. Data 1975, 20, 97–105.
30
(26) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.;
Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. Scalable Molecular Dynamics with
NAMD. J. Comput. Chem. 2005, 16, 1781–1802.
(27) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An Nlog(N) Method for Ewald
Sums in Large Systems. J. Chem. Phys. 1993, 98, 10089.
(28) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. Numerical Integration of the Cartesian
Equations of Motion of a System with Constraints: Molecular Dynamics of N -alkanes.
J. Comput. Phys. 1977, 23, 327–341.
(29) Miyamoto, S.; Kollman, P. A. SETTLE: An Analytical Version of the SHAKE and
RATTLE Algorithm for Rigid Water Models. J. Comput. Chem. 1992, 13, 952–962.
(30) Giovambattista, N.; Debenedetti, P. G.; Sciortino, F.; Stanley, H. E. Structural Order
in Glassy Water. Phys. Rev. E 2005, 71, 061505.
(31) Yan, Z.; Buldyrev, S. V.; Kumar, P.; Giovambattista, N.; Debenedetti, P.; Stanley, H.
Structure of the First- and Second-Neighbor Shells of Simulated Water: Quantitative
Relation to Translational and Orientational Order. Phys. Rev. E 2007, 76, 051201.
(32) Chatterjee, S.; Debenedetti, P. G.; Stillinger, F. H.; Lynden-Bell, R. M. A Computa-
tional Investigation of Thermodynamics, Structure, Dynamics and Solvation Behavior
in Modified Water Models. J. Chem. Phys. 2008, 128, 124511.
(33) Nutt, D. R.; Smith, J. C. Dual Function of the Hydration Layer Around an Antifreeze
Protein Revealed by Atomistic Molecular Dynamics Simulations. J. Am. Chem. Soc.
2008, 130, 13066–13073.
(34) Paolantoni, M.; Lago, N. F.; Albert́ı, M.; Laganà, A. Tetrahedral Ordering in Water:
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